JNCCN is dedicated to improving the quality of cancer care locally, nationally, and internationally while enhancing the collaboration between academic medicine and the community physician. JNCCN is further committed to disseminating information across the cancer care continuum by publishing clinical practice guidelines and reporting rigorous outcomes data collected and analyzed by experts from the world's leading care centers. JNCCN also provides a forum for original research and review papers focusing on clinical and translational research and applications of the NCCN Guidelines in everyday practice, as well as correspondence and commentary.
Mission Statement
The National Comprehensive Cancer Network ® (NCCN oncology care in which, increasingly, best care practices require molecular insight. Although tumor markers previously played a role in a relatively small fraction of patients diagnosed with cancer, actionable molecular assays are now available that may guide treatment decisions for the most common, deadly malignancies. Given the rapidity with which the field is changing, NCCN assembled a task force to help educate the community with respect to the terminology of contemporary tumor markers and provide the current state of biomarker validation for the most common forms of cancer. Although biomarker discovery is thriving, incorporation of biomarkers into clinical practice lags behind. Some of the challenges to clinical adoption include assay variability and inadequate analytic validation; poor study design and analysis; and inadequate reporting, [1] [2] [3] [4] [5] [6] [7] and practical obstacles such as lack of resources, personnel, or expertise in smaller clinical laboratories. In addition, a growing number of multi-analyte tumor markers require comprehensive technologies and computational algorithms. These platforms and analytic approaches may be understandable to few practitioners and represent challenges to independent validation and verification. It is imperative that the field of oncology works with a common language and clear standards of evidence so that the merits of established and emerging tumor markers can be communicated in a clear and unambiguous manner.
This report provides the basic definitions for biomarkers in oncology, briefly reviews the steps necessary for the clinical development of a biomarker, and sum-Predictive markers predict the activity of a specific class or type of therapy, and are used to help make more specific treatment decisions. They are used as indicators of the likely benefit of a specific treatment to a specific patient. 5 Human epidermal growth factor receptor 2 (HER2[ERBB2]) is one example of a predictive marker. HER2(ERBB2)-negative tumors do not respond to trastuzumab, and therefore HER2(ERBB2)-positivity is predictive of potential trastuzumab response in a patient with newly diagnosed breast cancer.
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Companion Diagnostic Markers
Companion diagnostic markers may be diagnostic, prognostic, or predictive, but are used to identify a subgroup of patients for whom a therapy has shown benefit. Specifically, prospective data show that patients with positive markers benefit from the therapy. Thus, although companion diagnostic markers are primarily a subgroup of predictive markers, evidence may not be sufficient to determine whether they have independent prognostic or predictive strength for the disease or class of therapy. One recent example of co-approval of a drug and companion diagnostic is the BRAF V600E mutation test coapproved with the kinase inhibitor vemurafenib. BRAF mutations are found in 30% to 60% of melanomas, and the kinase activating BRAF V600E mutation confers sensitivity to vemurafenib, a small molecule BRAF inhibitor. 13, 14 Package insert material for the drug specifies that a test must be performed to establish whether the tumor carries a BRAF V600E mutation. 15 
Types of Validation
For a test to become generally useful, it must have demonstrated analytic validity and clinical utility. The former includes its reproducibility and quality as a test. Clinical validity implies that the marker identifies 2 groups that can be distinguished biologically and have different outcomes, but this observation may not indicate that it should be used for routine clinical care. Clinical utility implies that high-level evidence shows that use of the marker improves patient outcome sufficiently to justify its marizes a previously published approach to categorizing the strength of evidence supporting the use of a biomarker in a specific clinical situation. The task force hopes that this information will be useful to investigators who are discovering and/or validating new biomarkers and molecular tests, and to clinicians, guideline developers, and other stakeholders, such as health policymakers and payors, who participate in decision-making regarding the incorporation of novel biomarkers into clinical oncology. The final section of this report uses examples from 6 important disease areas to illustrate both the merits of tests that are currently in clinical use and the evidence that must be assembled for other tests to be accepted for general use. Through analyzing these examples of established and emerging biomarkers, the task force hopes to codify the appropriate evaluation of the required level of evidence necessary for making recommendations for incorporating new tests into clinical practice guidelines and general clinical use.
Types of Molecular Markers
Molecular markers are developed to address a variety of indications. An individual marker may serve more than one purpose and thus can fall into more than one category of biomarker. In addition, a single biomarker may have different categorization across tumor types and/or stages of disease. This section defines common terms used to describe molecular tests.
Diagnostic Markers
A large category of molecular tests aid in the diagnosis or subclassification of a particular disease state. Diagnostic subclassification may result in different management of the disease, but the marker is used primarily to establish the particular disease that is present in the patient sample. Examples of diagnostic molecular tests include immunophenotyping in non-Hodgkin's lymphoma, and fluorescence in situ hybridization (FISH) to show the presence of the Philadelphia chromosome in chronic myelogenous leukemia. 8 
Prognostic Markers
Prognostic markers have an association with some clinical outcomes, such as overall survival or recurrence-free survival, independent of the treatment rendered. 5 An example of a prognostic marker is the presence of p53 mutations, which identify subsets 
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incorporation into routine clinical care. This section reviews the terms analytic validation, clinical validation, and clinical utility.
Analytic Validation
Analytic validation focuses on determining how accurately and reliably the assay measures the molecular event of interest. 5, 7, 16 Assays used in a research setting may be extremely reliable in the hands of skilled and meticulous laboratory investigators, but not scalable or feasible in a general clinical setting with routinely available tissue samples. Even assays that are routinely performed in the laboratory require analytic validation within a clinical laboratory setting to be used in making clinical decisions. Significant differences exist between research laboratories and clinical laboratories, and any assay being developed for the management of patients must be established within a clinical laboratory. For example, immunohistochemistry on formalin-fixed paraffin-embedded (FFPE) tumor samples is a well-established technique widely used in research and essential clinical cancer testing, such as in estrogen receptor 1 (ER-α[ESR1]) and progesterone receptor(PgR[PR]) or HER2(ERBB2) staining in breast cancer. However, results can be influenced by a variety of factors, both within and outside the control of the pathology laboratory. One step that is often neglected is adequate validation of commercial or other antibodies. 17 In one case, a commercial antibody presumably directed against telomerase was subsequently shown to recognize nucleolin. 18 To ensure reproducible findings, clinical laboratories should understand the impact that preanalytic variables and specimen processing have on assay performance. Simply stated, analytic validation ensures that the same answer will be produced for the same sample within predefined technical variation. Analytic validation does not signify that the result itself has any clinical relevance.
In recognition of the critical importance of analytic validation for biomarkers, multiple groups have developed recommendations and frameworks with which to standardize the assessment. One effort designed to provide a framework to record and potentially control some of the preanalytic specimenhandling variables is the Biospecimen Reporting for Improved Study Quality (BRISQ) recommendations, which resulted from a committee formed at the Biospecimen Research Network Symposium in 2009. 19 Input was received from a wide range of experienced scientists, clinicians, pathologists, statisticians, and professionals from other disciplines, and the resulting publication can be used to assemble a checklist of elements that should be reported for clinical biospecimens, including information about the patient, diagnosis, tissue handling, fixation times, and storage and transport of tissue samples. Although not all information may be available or appropriate for each specimen type, use of a checklist and recommendations such as these can help to ensure that test results can be properly interpreted, 19 whether the samples are used for immunohistochemistry, FISH, mutation testing, or multigene expression assays.
Clinical Validation
Clinical validation assesses the strength of association between the assay results and the clinical outcome of interest, whether it is diagnostic, prognostic, or predictive. A large number of measures are used to assess these associations. Although measures of statistical significance are important, robust measures of the strength of association, such as receiver operator characteristic (ROC) curves, the area under the curve of ROC analysis, and the sensitivity, specificity, and positive predictive value of assays, are critical to understanding the strength of their clinical association and help bridge analysis to clinical utility (discussed later). These analyses address whether one can be sure the clinical state is positive if the test is positive (positive predictive power), and vice versa (negative predictive power).
No single best design exists for validation studies, but some general observations can be made. First, biomarkers are often developed within a single dataset and resampling methods, such as leave-oneout cross-validation, fold-validation, or bootstrapping, are used to set assay parameters and estimate performance. Although these approaches help determine if a stable assay can be developed, they often underestimate the true error rate. For larger datasets, identifying a priori a "discovery" or "training" subset of samples and a "validation" or "test" subset of samples is common practice. The assay's characteristics are tested and refined in the discovery subset and, when the assay parameters are fixed, applied to the validation subset. Although this minimizes bias and overfitting within the dataset, a concern remains that characteristics specific to the dataset being used may result in validation that does not generalize to outcomes between "positive" and "negative" groups, if evidence for differential treatment is not available, then no reason exists to test for the marker. Likewise, the marker may separate outcomes of 2 groups, but if the therapy is very effective in both, just slightly less effective in one, the marker does not have clinical utility.
An emerging standard for the adoption of new molecular tests is the demonstration of clinical utility. A novel assay may have outstanding analytic validity and proven clinical validity but may strongly correlate with an established clinical or histopathologic predictor, and thereby provide no additional clinical utility. In prostate cancer, Gleason sum remains the single most prognostic feature of localized cancer. Although many molecular assays have also been found to be associated with prognosis in prostate cancer, none are in broad use because most offer little to no independent prognostic information over Gleason sum and thus lack clinical utility.
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Regulation of Molecular Diagnostic Tests
The regulation of molecular testing falls under the jurisdiction of 2 federal agencies-the FDA and the Centers for Medicare and Medicaid Services (CMS). The laws and policies concerning the development and implementation of molecular tests continue to evolve. This section briefly reviews the key elements of the regulatory environment. NCCN also assembled a Molecular Testing Working Group in 2011, which generated a White Paper detailing the regulatory environment and highlighting additional challenges to the development and implementation of biomarkers.
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FDA
Medical tests are regulated by the Center for Devices and Radiological Health, a different part of the FDA from that which regulates drugs (Center for Drug Evaluation and Research) or biologics (Center for Biologics Evaluation and Research), leading to regulatory differences that impact FDA evaluation and approval. Regulatory evaluation of medical devices began with the 1976 Medical Device Amendment to the 1938 Federal Food, Drug, and Cosmetic Act, enacted in response to deaths and injuries attributable to some medical device products. 25 Devices are divided into 3 classes based primarily on the risks associated with their intended use. For in vitro diother sample or patient populations. Thus, independent validation sets are required for the most rigorous clinical validation of an assay.
Evaluation of new biomarkers can be aided if tumor biomarker studies and the journals reporting them adhere to the Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK). These guidelines were produced by a workgroup convened as part of the NCI-EORTC joint meeting on Cancer Diagnostics in Nyborg, Denmark, in 2000. 20 REMARK criteria include specification of patient populations, biological specimen under study, assay methods, study design, and statistical methods, and detailed guidelines for analysis and presentation of data. This reporting standard is now requested for manuscripts being submitted to journals such as the Journal of Clinical Oncology. Although the tissue resources are not always available to allow the most rigorous validation of assays, providing a standardized means to communicate the level of clinical validation is critical to biomarker development and underpins the motivations behind the levels of evidence discussed below. Using reporting standards such as these should help establish the clinical validity of new biomarkers being used in cancer research and treatment.
A good example of rigorous clinical validation is seen in a publication focused on validating several independently derived gene expression-based prognostic markers for early-stage lung cancer. 21, 22 In this study, 442 samples were collected from 6 institutions and processed at 1 of 4 laboratories using a single, reproducible protocol, and data were analyzed using a blinded validation step. 21 Previous gene expression studies have been hampered by small sample size, samples having been collected from only a single institution, and lack of uniformity in sample processing and data analysis.
Clinical Utility
Clinical utility refers to the ability of the assay to improve clinical decision-making and patient outcomes. Clinical utility depends on the clinical situation, availability of effective therapies, magnitude of clinical benefit (or lack thereof) in one markerdesignated group versus another, and relative value the patient, caregiver, and society place on the differences in benefits and risks in these separate groups, and their perceptions of these differences. For example, even if a marker clearly distinguishes agnostic tests, the risks are framed in terms of the consequences for patients when a test renders a wrong result. Class I tests are low risk, usually of a simple design, and typically are exempted from review by the FDA before proceeding to market. Class II tests pose moderate risk, are evaluated by the FDA through review of a 510(k) premarket notification, and are cleared for marketing once they are found to be substantially equivalent to a legally marketed device that was previously cleared by the FDA. Class III tests are those associated with the highest clinical risk. Each Class III test is reviewed through application for premarket approval (PMA). A demonstration of safety and effectiveness, which (for in vitro diagnostic devices) rests largely on a demonstration of analytic and clinical validity, is needed to gain FDA approval. The FDA approval/clearance process provides reasonable assurance of safety and effectiveness (i.e., that the benefit from using the test will outweigh the risk), and that the test will provide clinically significant results. The device regulations do not require a complete evaluation of clinical utility; hence, aspects such as cost-effectiveness or comparative effectiveness are not part of premarket review. A Class III device or test that has been approved for marketing through the PMA process is called FDAapproved, whereas a Class II device that has undergone premarket notification review through 510(k) is referred to as FDA-cleared.
The rapid translation of new scientific knowledge to medical practice has led to development and use of diagnostic tests that are often called home brew tests or laboratory developed tests (LDTs). Although the FDA retains jurisdiction over this category of test, until recently it practiced a policy of enforcement discretion for LDTs, choosing instead to regulate the critical reagents that are used to build these tests through the Analyte Specific Reagent Rule 26 (21 CFR 864.4020, 809.10, and 809.30). Enforcement discretion has allowed more tests to be developed and performed, but has also come under recent scrutiny because of the lesser requirements for validation and reporting. The FDA recently released a preliminary guidance on Companion Diagnostics, 27 or molecular tests which directly impact the use of a pharmaceutical or biologic drug, and the agency is expected to take a more active role in molecular test governance as more complex tests begin to enter clinical practice and are used to direct patient care.
Importantly, for trials using Class III molecular assays to guide therapy, investigators are now often required to file an investigational device exemption with the FDA before initiating the trial. This relatively recent additional regulatory requirement ensures that acceptable standards of analytic validity are in practice but also places increased regulatory burden on investigators.
CMS Clinical Laboratory Improvement Amendment
Clinical laboratories are governed through the Clinical Laboratory Improvement Amendment (CLIA) of 1988 administered by CMS. CLIA certification is a descriptor that is frequently associated with analytically valid assays performed in a clinical laboratory and/or a laboratory that has received CLIA certification. Importantly, individual clinical laboratory assays are not CLIA-certified. Rather, CLIA certification requires that a laboratory adopt specific practices and perform prescribed measures of analytic validation while performing specific assays. CLIA certification is required for laboratories performing low-complexity waived tests and moderate-or highcomplexity tests on clinical samples, whether they are FDA-approved, FDA-cleared, or laboratory developed. It has become clear that assays must be performed in CLIA-certified laboratories if the results of the assays are going to be used to guide patient management, regardless of FDA status. CLIA certification prescribes a certain level of analytic validation, but performance in a CLIA-certified laboratory does not address the clinical validity or clinical utility of an assay. However, FDA clearance or approval of a marker has been mostly based on analytic and clinical validity, but not necessarily clinical utility. Therefore, FDA approval does not necessarily mean that a marker should be used, and lack of FDA approval does not mean it should not be used, because an assay with clinical utility can be performed in a CLIA-certified laboratory without FDA approval. Key components of the regulation and oversight of CLIA-accredited laboratories are inspections and proficiency tests. In most jurisdictions and hospitals, these are provided by the College of American Pathologists (CAP). CAP inspection guidelines essentially set the standards for overall biomarker laboratory operation, including assay validation, quality control, and quality assurance activities. The guidelines mandate regular proficiency testing for every (Table 2) , have been proposed to provide a common language to improve communication regarding assay development and validation.
The authors of TMUGS proposed an updated annotation for levels of evidence that combines both Tables 1 and 2, while acknowledging the importance of rigorous analysis of archived specimens from definitive clinical studies (Table 3) . 32 The authors appropriately point out that biomarker development can challenge the semantic distinction between prospective and retrospective studies, and the critical element to biomarker validation is the robust statistical design of the study and definition of the biomarker parameters before application to the samples being used for validation. Although prospective collection of these samples in the setting of a clinical trial with objectives focused on the validation of the biomarker will remain the best means to minimize bias and obtain the highest level of evidence in support of a biomarker, robust analysis of archived specimens can also provide strong validation data. An example of the latter is the association of KRAS mutations and resistance to antibodies targeting epidermal growth factor receptors (EGFRs). 33, 34 Thus, this revised levels of evidence system combines the original TMUGS system in Table 1 with the clinical trial design classification from Table 2 to create a system that can be used to classify tumor markers and also suggest what supportive validation studies are required for each level.
Although the evolution of systems with which to classify levels of evidence for biomarkers is likely to continue, the task force members believe that these level-of-evidence systems provide an appropriate initial mechanism of assigning levels of evidence for new assays that is consistent with how NCCN approaches the level of evidence and consensus for cancer therapies (Table  4 ). In the following sections that focus on specific diseases, the task force used the revised system proposed by Simon et al. 32 (Table 3) to annotate the level of evidence supporting each tumor marker, and has noted the NCCN category of evidence and consensus for the markers included within the NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines; see Tables  5-10 ).
Assays Currently Used in Cancer Care
For each disease considered by the task force, including glioma, breast cancer, colon cancer, lung cancer, prostate cancer, and acute myelogenous clinical assay, and CAP runs an extensive program providing proficiency testing samples for all commonly used clinical assays.
The FDA recently withdrew its enforcement discretion for certain LDTs that are marketed "direct to consumers," and previously 28 published a draft guidance proposing increased regulation of tests described as In Vitro Diagnostic Multivariate Index Assays. The recently released 27 draft guidance on Companion Diagnostics indicates the FDA's intent to ensure the availability of safe and effective tests when results from those tests are essential for the safe and effective use of a corresponding therapeutic product (drug, biologic, or device).
Systems for Level of Evidence
Ideally, clinical utility of a marker should be determined in a prospective clinical trial, as is required for new drugs. In fact, trial designs to determine clinical utility of markers have been described and several are underway.
29, 30 One way to streamline the evaluation of both established and upcoming molecular tests, using the guidelines discussed earlier to evaluate the quality of studies, is to assign a well-defined level of evidence to each test, using standards of analytic and clinical validity and clinical utility. Levelsof-evidence standards for assessing tumor markers have been published, and provide a common comparison that can be used across all types of molecular testing. Two in particular, the Tumor Marker Utility Grading System (TMUGS 31 ; Table 1 ) and the levels of evidence standards for using archived tissue 32 
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leukemia, tabular data were assembled on markers that are currently included in the NCCN Guidelines (available at www.NCCN.org), and new markers currently under investigation. For all listed biomarkers, NCCN categories of evidence and consensus were given if available, and combined levels of evidence calculations (Tables 1-3) were made and are included with references to illustrate the hurdles that prevent some new tests from being widely included in practice guidelines. The hope is that a critical examination of the published evidence on each of these tests will show why some, which may have been widely presented at meetings or advertised in public venues, do not achieve thresholds needed for broad adoption into clinical practice. Table 5 summarizes current molecular biomarkers in glioma.
Molecular Testing in Glioma
1p/19q Deletion
The current NCCN Guidelines for Central Nervous System Cancers specify a single molecular test to help determine prognosis and select chemotherapy 
IDH1/IDH2 Mutation
Other molecular tests are rapidly gaining attention in central nervous system cancers and, with additional clinical data and validation, will most likely be considered for inclusion in upcoming treatment guidelines. One of these is mutation in the cytosolic isocitrate dehydrogenase gene (IDH1) or the mitochondrial version of the same gene (IDH2). IDH1 is involved in the metabolic conversion of isocitrate to alpha-ketoglutarate, which reduces NADP to NADPH. In glioma, mutations in this gene were discovered through large-scale sequencing of tumor DNA samples. 48 IDH1 mutations were present in 12% of glioblastoma samples in this study. Later retrospective analyses of 271 clinical trial samples of low-grade glioma showed that mutated IDH1 may be both prognostic and predictive, because it is associated with longer survival times and better response to temozolomide. 49, 50 Another study of astrocytoma showed an association with improved survival but not with response to temozolomide. 51 Among WHO grade II and III gliomas, 50% to 80% have mutated IDH1, whereas 5% to 10% of WHO grade IV gliomas bear a mutated IDH1. Roughly 90% of IDH1 mutated proteins can be detected using immunohistochemistry with a monoclonal antibody that detects p.R132H, the most common IDH1 mutation. 52, 53 A recommendation for optimal testing for this mutation might be to first perform immunohistochemical testing with this detecting antibody, then to follow up with DNA sequencing only when the results from immunohistochemistry are negative or equivocal. Further clarification of the correlation of chemotherapy response and IDH1 mutation will be needed for this test to receive broad clinical use. At this point, lack of IDH1 mutation could not be considered strong enough evidence to alter for certain types of central nervous system tumors. Testing for the 1p/19q codeletion, or unbalanced translocation, is recommended for cases of suspected oligodendroglioma. The test is also recommended to distinguish anaplastic oligodendroglioma from anaplastic astrocytomas and glioblastomas (to view the most recent version of these guidelines, visit the NCCN Web site at www.NCCN.org). 35 Oligodendroglioma displays a loss of 1p/19q and is more sensitive to chemotherapy and radiotherapy than are astrocytic tumors. Presence of the translocation is a favorable prognostic factor, and has an NCCN category 1 designation, indicating that high-level evidence, either from randomized controlled clinical trials or meta-analyses, supports using this test.
36-42 Detection methods, not specified within the guideline, include polymerase chain reaction (PCR)-based testing for loss of heterozygosity, FISH, array comparative genomic hybridization, and multiplex ligation-dependant probe amplification (MPLA). [42] [43] [44] [45] [46] A practical method of FISH testing for 1p/19q deletion was recently published 47 and the authors note that no other consensus guidelines or protocols exist for 1p/19q testing using other technologies. This test is considered to have level IA evidence (Table 3) . Tables 1 and 2. 31 † Not applicable (NA) because level of evidence IV and V studies will never be satisfactory for determination of medical utility. therapy. 51, 54 However, one study showed that IDH wildtype grade III tumors (usually treated with radiotherapy alone) are associated with a prognosis similar to grade IV tumors (treated with concurrent chemotherapy and radiotherapy). 55 If validated with further studies, IDH testing could therefore have an impact on patient management. Because the presence of an IDH mutation is considered tumor-specific, it has a role as a diagnostic marker when morphologic features are inconclusive and a nonneoplastic/reactive condition is possible. Overall, this marker is currently considered primarily prognostic/ diagnostic, with the possibility that more data will indicate whether mutation status can be considered in recommending treatment. Studies showing the association have come from well-designed retrospective analyses, and evidence for the test is considered to be level IIB.
BRAF Fusion Protein
Alterations in the signaling-associated kinase BRAF have been noted in many tumors. These often occur as point mutants which lead to a constitutively active enzyme, BRAF c.1799T>A (p.V600E). [56] [57] [58] Most pilocytic astrocytomas have been shown to express a fusion protein of KIAA1549:BRAF, which is constitutively active. 59 Because pilocytic astrocytoma can be cured through surgery alone, testing for the presence of the fusion protein might be useful to aid in the diagnosis of pilocytic astrocytoma when histologic features are inconclusive and difficult to distinguish from a diffuse astrocytoma. Therefore the combination of IDH mutation testing (common in diffuse astrocytoma) with BRAF testing represents a rational diagnostic panel for cases with indeterminate histologic features. Testing methodologies used in research studies include long-distance inverse PCR to map breakpoints on the genomic level, 5′ rapid amplification of cDNA ends (RACE) to detect gene fusion, and FISH using probes that map to the KIAA1549 sequence and to the BRAF sequence. 50 Implementation of the FISH assay will probably be the most straightforward for clinical testing, as this can be performed on FFPE samples, but lack of commercially available probe sets and assay standardiza- 65 Gilbert et al. 215 Abbreviations: aCGH, array comparative genomic hybridization; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; LDI-PCR, long-distance inverse polymerase chain reaction; LOH, loss of heterozygosity; MPLA, multiplex ligation-dependant probe amplification; MS, methylation-specific; MS-MPLA, methylation-specific multiplex ligation-dependant probe amplification; MS-PCR, methylation-specific polymerase chain reaction; RACE, rapid amplification of cDNA ends.
validation, assay development, and especially demonstration that the G-CIMP phenotype is associated with greater or lesser sensitivity to treatment regimen. The association has been shown through welldesigned retrospective analyses, and evidence for the test is considered to be level IIB (Tables 1-3) . Overall, use of central nervous system tumor biomarkers is in its infancy, with several new and exciting candidates that have the potential to change how tumors are evaluated and may help determine treatment. The challenge in this area will be to ensure that clinical recommendations encompass validated assays, including specific recommendations of methodology and scoring, and include comparisons of technologies used to assess these biomarkers. Table 6 summarizes current molecular biomarkers in breast cancer.
Molecular Testing in Breast Cancer
ER-α(ESR1)/PgR(PR)
The measurement of estrogen receptor expression is prognostic 67 and predictive for response to ER-α(ESR1)-modulating agents. 68 The prognostic and treatment predictive use of progesterone receptor expression is less clear. [69] [70] [71] Testing for ER-α(ESR1) in ductal carcinoma in situ and ER-α(ESR1)/PgR(PR) expression in breast tumors is a necessary component of the initial workup for these diseases. 72 Guidelines for immunohistochemical testing in breast cancer have been published by ASCO, CAP, and NCCN, with detailed information available on all aspects of testing, including tissue handling and assay validation. [73] [74] [75] [76] The NCCN category of evidence and consensus for use of this test is 2A. Using the TMUGS and Simon et al. 32 criteria for assessing marker validation gives this test a rating of IB as a predictive test (Table 3) .
HER2(ERBB2)
Expression of HER2(ERBB2) in breast tumors is also both a prognostic and predictive marker. HER2(ERBB2)-positive tumors respond to trastuzumab, a monoclonal antibody directed against the extracellular domain of the HER2(ERBB2) protein, and lapatinib, a tyrosine kinase inhibitor, versus HER2(ERBB2)-negative tumors which do not seem to respond. Clinical trial results have shown that adjuvant trastuzumab reduces recurrence and mortality by approximately 50% and 30%, respection to date still must be overcome for this test to be broadly implemented. 50 The association has been shown through well-designed retrospective analyses, and evidence for the test is considered to be level IIB.
O-6-Methylguanine-DNA-Methyltransferase Promoter Methylation
Activity of DNA repair enzyme O-6-methylguanine-DNA-methyltransferase (MGMT) is associated with resistance to chemotherapeutic alkylating agents. Silencing of the MGMT promoter through methylation has been shown to be associated with better outcomes (overall survival, progression-free survival) in a variety of glioma subtypes and to partially predict response to alkylating agents. [60] [61] [62] [63] MGMT promoter methylation has also been shown to be positively associated with therapeutic pseudo-regression. One barrier to use of MGMT as a prognostic marker, or as a marker for pseudo-versus true regression, is that the methodology for assessing MGMT is not yet standardized. 50, 64 Measurement of MGMT protein levels using immunohistochemical testing does not correlate with extent of MGMT promoter methylation as measured using methylation-specific PCR. Promoter methylation itself can be measured using a variety of technologies, including methylationspecific PCR, methylation-specific pyrosequencing, and methylation-specific MPLA. Each of these assays has benefits and drawbacks in terms of reproducibility, standardization of cutoffs, and ease of use, and which will emerge as the best for use in a clinical setting remains to be seen. 50, 64 The association has been shown through well-designed retrospective analyses, and evidence for the test is considered to be level IIB.
Glioma-CpG Island Methylator Phenotype
A more-extensive methylation analysis of glioblastoma tumors showed a glioma-CpG island methylator phenotype (G-CIMP) similar to that observed in colorectal cancer. 65, 66 The G-CIMP phenotype is colocalized with the IDH1 mutation, and is found predominately in lower-grade tumors from younger patients with longer survival times. Promoter methylation is observed in a subset of loci, defining a set of glioma tumors. Methods involved assessing promoter methylation and gene expression for a training set of tumors, and assembling a list of genes that were both transcriptionally silenced and methylated. These results, though intriguing, will require further analytic 
Oncotype Dx
The Oncotype Dx (Genomic Health, Inc., Redwood City, CA) test is a 21-gene reverse transcriptase PCR (RT-PCR) assay that is performed at a single site as a laboratory-developed test, using FFPE breast tumor samples as a source of RNA. Gene expression levels are translated into a recurrence score. [79] [80] [81] The current NCCN Guidelines recommend the 21-gene recurrence score be considered for determining prognosis in node-negative, ER-α(ESR1)-positive breast tumors. Patients with a low recurrence score have such a favorable prognosis that even if chemotherapy were beneficial, so few patients would benefit that the risks outweigh the benefits. The NCCN category of evidence and consensus for using Oncotype DX to determine whether a patient receives chemotherapy is 2B. 78 Carlson et al. 77 Joensuu et al. 10 Piccart-Gebhart et al. 11 Romond et al. 219 Cristofanilli et al. 90, 220 De Giorgi et al.
221
Abbreviations: CTC, circulating tumor cell; ER, estrogen receptor; FFPE, formalin-fixed paraffin-embedded; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; RT-PCR, reverse transcriptase polymerase chain reaction.
Until trial results are available, MammaPrint has a combined level of evidence of IIB as a prognostic test.
Circulating Tumor Cells
The CellSearch circulating tumor cell (CTC) detection system (Veridex, LLC, Raritan, NJ) has been cleared for use in metastatic breast cancer by the FDA. However, this test is not recommended by the ASCO breast cancer tumor marker panel and is not included in the NCCN Guidelines for Breast Cancer. 72, 82 The test uses an immunomagnetic system to isolate cells with the features of epithelial cells from the peripheral blood and provides an absolute count of CTCs per 7.5-mL blood sample. Presence of greater than 5 CTCs per 7.5-mL sample has been shown to be associated with shortened progression-free (2.7 vs. 7 months) and overall survivals (10.1 vs. > 18 months). 90, 91 A randomized clinical trial, SWOG S0500, is designed to determine whether elevated CTC levels after initiation of treatment indicate that a change in chemotherapy regimen will be beneficial in the metastatic setting. Results of this trial will add to the clinical utility of this assay, and may allow it to be further considered by guidelines panels. Until those results are available, clinical validity for the determination of CTCs in breast cancer has a combined level of evidence score of IB. Table 7 summarizes current molecular biomarkers in colon cancer.
Molecular Testing in Colon Cancer
KRAS Mutations
The RAS/RAF/MAPK and downstream pathways are activated in response to stimulation of the EGFR, and mutations to proteins in this pathway have been investigated for their role in modulating response to EGFR-targeting agents. Approximately 40% of colon cancers are positive for mutations in KRAS, [92] [93] [94] and colon cancers with KRAS mutations in codons 12 and 13 have been shown to be unresponsive to EGFR-targeting monoclonal antibody therapies, such as cetuximab or panitumumab. 33, 95, 96 The NCCN Guidelines for Colon Cancer recommend, with a category of 2A, the testing of all metastatic disease for the presence of mutations in KRAS (to view the most recent version of these guidelines, visit the NCCN Web site at www.NCCN.org). 97 An
This recommendation is echoed by ASCO in its 2007 recommendations for use of tumor markers in breast cancer. 82 In its review of tumor gene expression profiling 72, 82, 83 in breast cancer, the Evaluation of Genomic Applications in Practice and Prevention (EGAPP) working group found insufficient evidence to recommend Oncotype Dx but noted that encouraging indirect evidence exists for clinical utility of the test. 84 Provocative but still hypothesis-generating studies have suggested that in addition to being prognostic in women with ER-α(ESR1)-positive, nodenegative tumors, the 21-gene recurrence score may also be predictive of the relative benefits of chemotherapy. 79, 81 These studies have suggested that tumors with low recurrence scores are relatively resistant to chemotherapy, whereas those with higher recurrence scores are increasingly sensitive, independent of the prognostic effect of the assay.
The recently completed TAILORx trial will determine the benefit of chemotherapy in nodenegative women with intermediate risk scores, and will further determine the prognostic role of the assay in patients with a low recurrence score. 85 The ongoing S01007/RxPONDER trial will prospectively determine the benefits of adjuvant chemotherapy in node-positive, ER-α(ESR1)-positive patients. 86 As trial results become available, and if they continue to show a demarcation in value for chemotherapy, this assay is expected to become more widely recommended. Currently, the level of evidence score for Oncotype Dx as a prognostic test is IB, whereas as a predictive test, it is IIA.
MammaPrint
The MammaPrint 70-gene microarray assay (Agendia, Irvine, CA) is the only multigene breast cancer assay that has received FDA clearance. 87, 88 However, 3 major groups that have considered it have not recommended its use. 72, 82, 84 It is useful to remember that the FDA does not make considerations of clinical utility, only of analytic validity and clinical validity in its determinations of clearance. One barrier to the use of MammaPrint is the requirement of freshfrozen tissue samples, rather than the more universally available FFPE tumor samples. In addition, currently completed studies do not assess the ability of MammaPrint to predict benefit from treatment. An ongoing trial (MINDACT) will compare the effectiveness of MammaPrint results to typical clinical evaluation in the prediction of survival at 15 years. 
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ASCO provisional clinical opinion 98 also recommends KRAS mutation testing in metastatic colon cancers. No FDA-approved KRAS mutation test exists, and both publications mention the necessity of performing the test in a CLIA-certified facility. The ASCO Provisional Clinical Opinion notes that the test can be performed using either real-time PCR with mutation-specific primers, or sequencing. The NCCN Guidelines do not recommend any particular methodology. Testing for KRAS mutations can also be given a combined level of evidence of IB, owing to multiple randomized controlled trials of panitumumab or cetuximab in colon cancer, with evaluation of KRAS mutation status in archived samples. 33, 34, 96 Recent reports have shown that tumors harboring KRAS mutations at the c.38G>A (p.G13D) position may still be responsive to cetuximab, unlike other activating codon 12 and 13 mutations. 99, 100 The NCCN Guidelines note that the use of EGFR-targeting agents in KRAS codon 13 mutant tumors is investigational, and is not recommended for routine clinical practice at this time. 97 
BRAF c.1799T>A (p.V600E) Mutation
The BRAF c.1799T>A (p.V600E) mutation renders the kinase domain of the protein constitutively active, and is found in 10% to 20% of colon tumors. [56] [57] [58] 101, 102 RAF is downstream of EGFR, and a constitutively activated RAF enzyme might therefore circumvent EGFR-directed therapy. Retrospective studies have shown that mutated BRAF is associated with decreased progression-free and overall survivals in patients undergoing anti-EGFR-containing therapy, [103] [104] [105] although interpretation of this association is confounded by its strong negative prognostic implications. Randomized data suggest, however, that patients with a BRAF mutation may benefit from EGFR-directed therapy in the first-line treatment setting, despite the unfavorable prognosis conferred by this mutation. 95 The NCCN Guidelines for Colon Cancer (available at www.NCCN.org) recommend that BRAF testing be considered in the metastatic setting if the KRAS gene is found to be unmutated. This is given a category of evidence of 2A. 97 Combined level of evidence for the use of BRAF testing for prognostic information is IB, owing to multiple retrospective analyses of randomized clinical trial samples.
58,95,103,105-107
Mutations of KRAS and BRAF almost never coexist in the same tumor. 58 Testing for BRAF is recommended to be performed in a CLIA-certified laboratory, and is usually accomplished using Sanger sequencing, which can be performed with FFPE samples containing at least 40% neoplastic cellularity (∼20% mutant alleles); detection limit can be 5% to 10% mutant alleles or lower in pyrosequencing and realtime PCR with or without melting curve analysis. [108] [109] [110] Testing for BRAF mutation in colon cancer is primarily through laboratory-developed tests, because, other than the test recently approved for melanoma, no FDAcleared BRAF mutation tests are currently available.
Microsatellite Instability
Defects in mismatch repair (MMR) can be detected using either immunohistochemistry for the absence of MLH1, MSH2, MSH6, and/or PMS2 protein in tumor tissues, or through a comparative PCR analysis of tumor and normal patient DNA for microsatellite instability (MSI). Hereditary syndromes with a predisposition to the development of colon cancer, such as Lynch syndrome, have been shown to contain germline mutations in one of the MMR genes, whereas most sporadic MSI-high colon tumors show MLH1 promoter hypermethylation and epigenetic silencing. 102, 109, 111, 112 In general, MSI-high colon cancers are associated with good prognosis, and patients with MSI-high stage II colon cancers do not seem to benefit from adjuvant single-agent 5-FU chemotherapy. [113] [114] [115] The NCCN Guidelines currently recommend testing for MMR proteins in all patients younger than 50 years and/or who meet the revised Bethesda guidelines or Amsterdam criteria because of the increased possibility of Lynch syndrome in this cohort, and with a level 2A category of evidence. MMR/MSI testing is also recommended for patients with stage II tumors if single-agent fluoropyrimidine adjuvant therapy is considered, given evidence for lack of benefit and possibly worse outcomes in this population (NCCN Guideline, category 2A). 97 Use of MSI/MMR testing as a screen for Lynch syndrome has a combined level of evidence score of IB, [116] [117] [118] [119] as does use of this test for prognostic purposes, 106, 120, 121 owing to the results of multiple studies, including both randomized clinical trials and meta-analyses. The ASCO recommendation for use of tumor markers in colorectal cancer does not endorse routine testing for MSI or MMR in all patients, 122 but this recommendation may be reconsidered when the position statement is updated. No FDA-cleared tests are available for MSI testing.
for the presence of MMR deficiency and/or MSI, along with BRAF mutational status if MMR deficiency and/or MSI-high status are detected, may be recommended in the future as part of standard pathologic review pending guideline updates from CAP.
CEACAM5 (CEA)
Testing for carcinoembryonic antigen-related cell adhesion molecule 5, or CEACAM5 (so-called CEA), which is released from tumor cells into patient serum, is recommended by the NCCN Guidelines for Colon Cancer and ASCO. 97, 122 Testing is recommended on diImmunohistochemistry testing for MMR proteins has been shown to be a reliable method for detecting defects in the DNA MMR system, and is generally concordant with MSI testing with PCR. 117, 123 Germline mutation (plus a second hit) or silencing through promoter methylation both lead to an absence of functional protein, detectable through immunohistochemistry in most instances. The presence of a BRAF mutation in addition to the finding of MMR deficiency and/or MSI-high indicates a sporadic acquisition and may be used to distinguish from the hereditary Lynch syndrome. 124, 125 Reflexive testing of all newly diagnosed colorectal cancers Abbreviations: CTC, circulating tumor cell; EGFR, epidermal growth factor receptor; FFPE, formalin-fixed paraffin-embedded; H&E, hematoxylin and eosin; IHC, immunohistochemistry; MMR, mismatch repair; MSI, microsatellite instability; PCR, polymerase chain reaction; RT-PCR, reverse transcriptase polymerase chain reaction. * All testing for KRAS mutation is presumed to have the same analytic validity, and will probably be performed simultaneously. However, presence of a c.38G>A (p.G13D) mutation does not yet meet the standard of clinical utility needed to drive a treatment decision. 33 Karapetis et al. 34 Van Cutsem et al. 96 Tol et al. 222 Douillard et al. 116 Umar et al.
118
Prognostic:
Hutchins et al. 120 Popat et al. 121 Roth et al.
106
Predictive: Des Guetz et al. 113 Guastadisegni et al. 114 Sargent et al. De Roock et al. 103 Ogino et al. 58 Roth et al. 106 Samowitz et al. 107 Tol et al. 
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agnosis of invasive colon cancer, which can be used as a baseline for monitoring. CEACAM5 (CEA) is then tested regularly, and increasing levels are one indication of recurrent disease or metastasis. FDA-approved immunoassays are available for CEACAM5 (CEA) monitoring. Use of this test is a category 2A recommendation in the NCCN Guidelines, and the combined level of evidence score is IIC, because most studies on this marker have been observational. 97, 122, 126, 127 Neither guideline recommends CEACAM5 (CEA) as a screening or diagnostic tool.
CTCs
Detection of CTCs in patients with advanced colorectal cancer is a negative prognostic factor, correlating with reduced progression-free and overall survivals. [128] [129] [130] The clinical utility of this test is unclear. CTC testing is not included in the NCCN Guidelines for Colon Cancer (to view the most recent version of these guidelines, visit the NCCN Web site at www.NCCN.org). As a prognostic tool, evidence for the clinical validity of CTC testing is level IB.
ColoPrint
The ColoPrint assay uses oligonucleotide microarray technology to assign a recurrence score based on expression of 18 genes, and currently requires fresh frozen tumor tissue as a source of RNA. Higher recurrence scores are associated with shorter time to progression and shorter overall survival in patients with stage I through III colon and rectal cancers, but Abbreviations: CTC, circulating tumor cell; EGFR, epidermal growth factor receptor; FFPE, formalin-fixed paraffin-embedded; H&E, hematoxylin and eosin; IHC, immunohistochemistry; MMR, mismatch repair; MSI, microsatellite instability; PCR, polymerase chain reaction; RT-PCR, reverse transcriptase polymerase chain reaction. * All testing for KRAS mutation is presumed to have the same analytic validity, and will probably be performed simultaneously. However, presence of a c.38G>A (p.G13D) mutation does not yet meet the standard of clinical utility needed to drive a treatment decision. Dahlin et al. 133 Samowitz et al. 102 Barault et al. 134 
LINE-1 hypomethylation
Tumor DNA Prognostic Yes IIIC Ogino et al. 135 Ahn et al. 136 Immune cells H&E or IHC Prognostic No IIIC Ogino et al. 137 Dahlin et al. 138 Nosho et al. 139 Ogino et al. 137 Galon et al. 141 Mlecnik et al. 
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EGFR tumors do not respond to EGFR inhibition, the NCCN Guidelines for NSCLC recommend testing recurrent or metastatic adenocarcinoma of the lung for EGFR mutation, with a category 1 recommendation and a combined level of evidence score of IA owing to multiple randomized clinical trials (to view the most recent version of these guidelines, visit the NCCN Web site at www.NCCN.org). 148 In early 2011, ASCO published a preliminary clinical opinion, 149 indicating that analysis of clinical trial data suggest a benefit for EGFR testing. A variety of methods are available for testing for EGFR mutations, 150 and the current guidelines do not recommend a particular test, noting only that mutation testing is preferable to FISH assessment of EGFR copy number or immunohistochemistry to assess EGFR protein levels. [151] [152] [153] A collaborative effort between CAP, the Association for Molecular Pathology (AMP), and the International Association for the Study of Lung Cancer (IASLC) is scheduled to produce detailed guidelines for EGFR and ALK testing in lung cancer, which should be a valuable resource for guideline developers and practitioners.
KRAS Mutation
Constitutively activating KRAS mutations are detected in approximately 20% of patients with NSCLC, mainly in those with adenocarcinoma and in smokers. Several studies analyzing both EGFR and KRAS mutations have shown that these mutations are present in mutually exclusive populations, [154] [155] [156] and that the presence of a KRAS mutation is a negative prognostic factor in the absence of treatment. KRAS is a downstream component of the EGFR signaling pathway, and activating mutations in this protein might therefore be expected to be unaffected by EGFR inhibition. KRAS mutant tumors have been shown to be resistant to gefitinib or erlotinib therapy. [157] [158] [159] However, the NCCN Guidelines for NSCLC (available at www.NCCN. org) currently do not recommend KRAS testing for any particular patient population because the impact on progression-free or overall survival is unclear, 148 and the combined level of evidence score for KRAS testing is IIB. Notably, no one has performed a study randomizing patients with KRAS mutant tumors to erlotinib versus chemotherapy. However, a tumor that has a KRAS mutation is highly likely to be EGFR wild-type, and therefore the EGFR wild-type status can be used to interare not predictive of chemotherapy benefit. 131, 132 The test can be considered to have developed clinical validity, with a IIC level of evidence, but does not have proven clinical utility at this time. It is not included in the NCCN Guidelines for Colon Cancer (available at www.NCCN.org).
Oncotype Dx Colon Assay
The Oncotype Dx Colon assay is a 12-gene RT-PCR expression assay that can be performed on FFPE tumor samples. This is also a prognostic test, with higher recurrence scores associated with shorter disease-free and overall survivals. The Oncotype Dx colon recurrence score has established clinical validity in its association with recurrence risk in patients with stage II colon cancer in 2 independent randomized validation studies, with a level of evidence of IB, but its clinical utility has not yet been established. It is not included in the NCCN Guidelines for Colon Cancer (available at www.NCCN.org).
Other Biomarkers
Other tests, including CIMP status, 58,102,133,134 LINE-1 (global DNA) hypomethylation, 135, 136 and presence of infiltrating immune cells within colon tumors [137] [138] [139] [140] [141] [142] are also under current investigation for their use in guiding colon cancer treatment. These tests will require further analytic and clinical validation, and demonstration of clinical utility before they should be considered for use in general practice. Table 8 summarizes current molecular biomarkers in non-small cell lung cancer (NSCLC).
Molecular Testing in Non-Small Cell Lung Cancer
EGFR Mutation
The EGFR tyrosine kinase is expressed in most lung cancers, and in 2004, somatic kinase domain mutations that led to a constitutively activated EGFR were shown to be associated with high sensitivity to the small-molecule EGFR kinase inhibitors gefitinib and erlotinib. [143] [144] [145] The most common mutations are exon 19 deletions (LREA deletion) and exon 21 point mutations (most commonly L858R), 146 which together account for 85% to 90% of EGFR mutations in lung cancer. EGFR mutations are found more often in women, never-smokers, and East Asians. 147 Because the presence of a mutation confers sensitivity to tyrosine kinase inhibition, and nonmutated 
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pret use of EGFR tyrosine kinase inhibitors. Furthermore, KRAS mutations define a distinct subset of lung cancer that may be treated with different therapies in the future.
ALK Gene Fusion
A chromosomal rearrangement resulting in a fusion protein involving the ALK tyrosine kinase is found in 2% to 7% of patients with NSCLC. 160, 161 Most of the time, the 5′ fusion partner is EML4, but other 5′ partners, such as KIF5B and TFG, are rarely identified. Patients with ALK translocations are similar to those with EGFR mutations in that they are more often never-smokers with adenocarcinoma; however, similar to EGFR mutations, ALK fusions can be found in all types of lung adenocarcinoma, regardless of clinical features. For this group of patients, ALK inhibition represents a valuable therapeutic tool. The FDA recently approved crizotinib, a small molecule inhibitor of ALK, 160, 162, 163 together with a companion diagnostic test for the translocation. 164 FISH and immunohistochemistry have both been used to detect ALK fusion products, and some recommend confirming mutation status using both assays, 161 but testing for ALK fusion using FISH was an enrollment criterion for the crizotinib trials, and this is the only FDA-approved ALK test available at this time.
Because ALK expression is lower in lung tumors than in anaplastic large cell lymphoma (which is also characterized by ALK gene fusions), a more sensitive immunohistochemistry test is needed 165 for use in lung tumors. Testing for ALK fusions is included in the most recent NCCN Guidelines for NSCLC with a category 2A designation, 148 and has a combined level of evidence of IIB.
ERCC1 Expression
ERCC1 is a component of the DNA excision repair pathway, and is required for the repair of DNA lesions introduced by ultraviolet light or formed by compounds such as cisplatin. High levels of ERCC1 expression in NSCLC, as measured with either RT-PCR or conventional immunohistochemistry, correlate with longer survival times in the absence of chemotherapy. 166, 167 However, tumors with low expression of ERCC1 do derive benefit from adjuvant cisplatin-based chemotherapy, whereas those with high levels of ERCC1 expression do not. The test, or any particular methodology, is not currently recommended in the NCCN Guidelines, and can be considered to have achieved a IIB level of evidence.
Other Biomarkers
Several additional somatic mutations detected in lung cancer and molecular tests may enter clinical practice for NSCLC in the near future. These inAbbreviations: EGFR, epidermal growth factor receptor; FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; PCR, polymerase chain reaction. 226 Yang et al. 227 Fukuoka et al. 228 Lee et al. 229 Maemondo et al. 230 Mitsudomi et al. 231 ALK gene fusion 167 Olaussen et al.
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Several large-scale screening trials in the United States and Europe [170] [171] [172] have shown a marginal, albeit significant, clinical outcome benefit (decreased deaths from prostate cancer) from use of the serum PSA(KLK3) test with digital rectal examination (DRE) in screening populations of healthy men for prostate cancer. Testing for PSA(KLK3) leads to earlier identification of small tumors, and an increased potential for overtreating tumors that may not be life-threatening. Guidelines for the appropriate use of PSA(KLK3) testing in prostate cancer screening continue to evolve (e.g., NCCN Guidelines for Prostate Cancer Early Detection and for Prostate Cancer; to view the most recent version of these guidelines, visit the NCCN Web site at www. NCCN.org). Changes in PSA(KLK3) level over time, or PSA(KLK3) velocity testing, may also be used to detect disease in patients who have low to intermediate risk of prostate cancer on initial testing, 173 and thus to detect potentially aggressive tumors while local treatment is still possible.
Serum PSA(KLK3) testing is also used to monitor prostate cancer after diagnosis, and consistently rising levels are used as one indicator of potential disease progression. 174 After definitive local treatment (e.g., radical prostatectomy or radiation therapy) for clinically localized prostate cancer, serum PSA(KLK3) levels generally drop to undetectable or very low levels. Rising levels of serum PSA(KLK3) in these patients indicates disease recurrence, and monitoring serum PSA(KLK3) levels in these men is of clinical utility. 175, 176 clude mutations in BRAF, HER2(ERBB2), AKT1, MAP2K1 (MEK1), and PIK3CA; gene amplifications in MET; or fusions involving the ROS tyrosine kinase. Each of these is present in a small percentage of patients with lung cancer (1%-5%), and will require further validation before being placed into general use to direct treatment. 168 
Rebiopsies
A serious limitation in lung cancer molecular testing is availability of tumor tissue. One recommendation to increase the amount of tissue available for testing is to use residual cells from a fine needle aspiration (FNA) to make a paraffin block. This can be done by rinsing the needle into a tissue block. Alternatively, during an FNA or CT-guided core needle biopsy, additional passes can be obtained through the tumor tissue. Patients could also undergo rebiopsy if molecular testing is needed. Notably, the ASCO guidelines also support efforts to increase the availability of tumor tissue for testing. 169 Table 9 summarizes current molecular biomarkers in prostate cancer.
Molecular Testing in Prostate Cancer
Prostate-Specific Antigen (KLK3)
Prostate-specific antigen (PSA) is a peptidase (gene designation, KLK3) found in seminal plasma. Serum levels of this protein rise with the presence of prostate cancer and other conditions, such as benign prostatic hyperplasia or inflammation. Chun et al. 177 Nogueira et al. 235 CTCs Whole blood Prognostic Immunomagnetic separation IIA de Bono et al. 236 Danila et al. 237 Scher et al. 
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Although absolute thresholds remain a topic of discussion and controversy, use of PSA(KLK3) measurement in combination with DRE and Gleason score to diagnose prostate cancer is given a category 2A recommendation in the NCCN Guidelines for Prostate Cancer, 174 and can be given a combined level of evidence score of IA owing to long-term, prospectively designed, biomarker-focused clinical studies. Commercial tests for the detection of PSA(KLK3) have been cleared for use by the FDA.
PCA3
Although the use of serum PSA(KLK3) testing as a screening tool for prostate cancer is widespread, it has well-known limitations as an early-detection biomarker. Additional biomarkers that can improve on the sensitivity and specificity for early detection and monitoring of prostate cancer continue to be of great interest.
Several molecular alterations have been shown to be common in prostate cancer specimens, which are highly specific to the disease. The most well studied of these, with potential as clinical tools, are DNA methylation and overexpression of certain RNAs in the urine. One of these markers that has shown clinical promise is the PCA3 RNA test. PCA3 (DD3) is a noncoding RNA that can be detected in the urine after DRE, and which is highly expressed in prostate cancer compared with normal prostate. 177, 178 A test for urine PCA3 is commercially available (PROGENSA PCA3 assay, Gen-Probe Inc., San Diego, CA), and the company has submitted a PMA application to the FDA.
Currently, 2 potential clinical uses of this marker are undergoing extensive evaluation. The first (the indication for which the PROGENSA assay is currently being considered by the FDA) is to help determine which of the men with elevated serum PSA(KLK3) and who have already undergone one negative biopsy should undergo a repeat biopsy. The second potential indication is to guide initial biopsy decisions.
In terms of guiding decisions for a repeat biopsy, a large number of studies have been performed, most of which have suggested that the PCA3 test is more specific for predicting a positive repeat biopsy than are serum PSA(KLK3) levels or changes in PSA(KLK3) over time. 179 Furthermore, a recent study was conducted from the placebo arm of the REDUCE trial, which was a prospective randomized clinical trial to determine whether dutasteride was associated with a decreased risk of prostate cancer after 2 or 4 years. 180 In this study, the PCA3 scores were measurable from 1072 of the 1140 subjects, for a 94% informative rate. The use of PCA3 in combination with serum PSA(KLK3) and other risk factors was found to significantly increase diagnostic accuracy in predicting a positive biopsy. These results, using this analytically validated assay, indicate a level of evidence of IB. The clinical utility of PCA3 testing must be interpreted with caution, because the impact of refining decisions regarding when to perform repeat diagnostic biopsies has not been shown.
Several studies have also shown the PCA3 has a high specificity for predicting an initial positive biopsy in men with elevated PSA(KLK3) levels (studies usually conducted in men with serum PSA[KLK3] levels of 4-10 ng/mL). 179 Furthermore, this marker was recently evaluated in a European, prospective, multicenter study in which men with a serum PSA(KLK3) level of 2.5 to 10 ng/mL all underwent prostate needle biopsies. 181 The study was considered a "real life clinical practice study" by the authors and consisted of 516 men. ROC curves showed a significantly higher area under the curve for the PCA3 score versus total PSA(KLK3), PSA(KLK3) density, and percent free PSA(KLK3). Furthermore, the PCA3 score was significantly higher in men with a biopsy Gleason score of 7 or greater versus those with a score less than 7, and in men in whom greater than 33% of the needle cores were positive for cancer versus men with fewer than 33% of cores positive. Overall the inclusion of the PCA3 in multivariable models increased the predictive accuracy by up to 5.5%. These results, therefore, also indicate level IB clinical validity, albeit with a modest improvement in diagnostic accuracy and insufficient evidence to determine the true clinical utility of this assay in routine clinical management.
CTCs
The CellSearch CTC detection system has been cleared for use in metastatic prostate cancer by the FDA. However, this test is not included in the NCCN Guidelines for Prostate Cancer (available at www.NCCN.org). The test uses an immunomagnetic system to isolate cells with the features of epithelial cells from the peripheral blood and provides an absolute count of CTC per 7.5 mL blood sample. Presence of greater than 5 CTCs per 7.5 mL sample at baseline measurement has been shown to be associated with shortened overall survival, 182 an effect which is seen through the course of several CTC measurements. The association with elevated levels of CTCs and poor prognosis is consistent and strong, and therefore the level of evidence is IIB. In addition, change in numbers of CTCs in response to therapy has recently met the Prentice criterion of surrogacy for overall survival in the setting of treatment with abiraterone. 182 Thus, decreased CTC levels from greater than 5 to lower than 5 is a predictive biomarker, although it is only informative once therapy has begun, with a level of evidence of IIA. Currently, the clinical utility of changing CTC levels remains untested, because no trial has evaluated whether changing therapy based on a lack of CTC response improves outcome.
Similar to other forms of cancer, comprehensive molecular analyses of prostate cancer using microarray and sequencing technologies have resulted in a greater understanding of tumor biology. It remains clear that the androgen receptor is a driver of both treatment-naive and castration-resistant prostate cancer, but biomarkers that accurately reflect androgen receptor activity have yet to be developed. Similarly, most prostate cancers contain fusion proteins between androgen-regulated genes and members of the ETS family of transcription factors. 183 These fusion genes are likely also oncogenic drivers, but data conflict regarding their prognostic strength as biomarkers. 184 
Molecular Testing in Acute Myeloid Leukemia
Acute myeloid leukemia (AML) is a genetically and clinically heterogeneous neoplasm characterized by the accumulation of genetic and epigenetic alterations in hematopoietic progenitor cells that alter normal mechanisms of differentiation, proliferation, and survival. 185 Cytogenetics have been used for outcome prediction and treatment guidance, because they were shown to enable patients with AML to be stratified into cytogenetic risk groups (i.e., favorable, intermediate, and unfavorable) based on the presence of nonrandom chromosome aberrations or normal karyotype. 186 However, within each cytogenetic group, it has become clear that molecular heterogeneity exists, which can be further used to determine molecular risk stratification and treatment selection. 187, 188 Few of the genetic molecular alterations have shown relevance to the biologic and clinical classification of AML as first recognized by the WHO classification, 189 and more recently have been incorporated into clinical guidelines such as the NCCN Guidelines for AML 190 and the European LeukemiaNet 191 guidelines. Consensus exists regarding clinical impact for at least for 4 of the markers (NPM1, CEBPA, and KIT mutations, and FLT3 internal tandem duplication [ITD] ). However, the best therapeutic approaches for patients harboring these mutations remain to be defined. Table 10 summarizes current molecular biomarkers in AML.
NPM1
Mutations in exon 12 of the NPM1 gene are found in approximately one-third of adult patients with AML, and result in abnormal cytoplasmic localization of the NPM1 protein.
192 NPM1 mutations are frequent in cytogenetically normal AML (CN-AML) but can also be found in other cytogenetic or molecular groups, most frequently in patients harboring FLT3 mutations.
193 NPM1 mutations, particularly the genotype "mutated NPM1 without concurrent FLT3-ITD," has been associated with achievement of complete remission and favorable outcome. Recent data also suggest that NPM1 mutations seem to predict better outcome in older patients (> 60 years of age), and perhaps could be used to identify individuals in this age group who may benefit from intensive conventional chemotherapy. 194 However, these results require validation.
CEBPA
Approximately 15% of patients with CN-AML harbor CEBPA mutations. 195 These mutations, which may also be found in other cytogenetic groups of AML, usually affect the N-terminal region of the gene, thereby resulting in a mutant protein similar to a truncated CEBPA isoform found also in normal cells or the C-terminal basic region and leucine zipper domain of the gene. Both mutations may result in a mutant protein with altered transcription factor activity with respect to the wild-type counterpart. In approximately two-thirds of cases, C-and N-terminal mutations are "biallelic" mutations (also called double mutations), with most (∼90%) being compound heterozygous (C-terminal on one allele and N-terminal on the other) and the rest being homo- 187 Marcucci et al. 207 Paschka et al. 208 Abbreviations: CR, complete remission; ITD, internal tandem duplication; PCR, polymerase chain reaction; PTD, partial tandem duplication; RT-PCR, reverse transcriptase polymerase chain reaction; TKD, tyrosine kinase domain.
zygous (either both C-or N-terminal). [196] [197] [198] CEBPA mutations have consistently been associated with a relatively favorable outcome for patients with CN-AML. [196] [197] [198] However, more recent studies indicate that the favorable impact is restricted to patients with double mutations. 199 Patients with CEBPA mutations are grouped together with those with AML with mutated NPM1 without FLT3-ITD and those with core binding factor (CBF) AML [t(8;21) or inv(16)/t(16;16)] in a favorable-risk group. 191 Therapeutic recommendations for these subsets are similar and consist of chemotherapy-based approaches, whereas allogeneic hematopoietic stem cell transplantation (HSCT) should be reserved for only patients who have experienced relapse or have proven additionally adverse cytogenetic or molecular features.
FLT3
Two types of mutations that result in the constitutive activation of the encoded tyrosine kinase receptor protein have been identified in the FLT3 gene: tandem internal duplications within the juxtamembrane domain and point mutations with the tyrosine kinase domain (TKD). The FLT3-ITD is found in approximately 20% of unselected patients with AML and approximately 30% of those with CN-AML. 193 The prognosis of patients with CN-AML with FLT3-ITD is significantly inferior compared with CN-AML without the mutation when treated with current standard chemotherapy, particularly if the ratio of mutated versus wild-type alleles is high. 193 The prognostic relevance of FLT3-TKD mutations instead is controversial. Although patients with FLT3-ITD have been reported to benefit from allogeneic HSCT, this approach must be validated prospectively. Furthermore, because FLT3-ITD encodes a constitutively activated tyrosine kinase protein, small inhibitor molecules combined with chemotherapy are being tested in phase III clinical trials.
KIT
KIT mutations are found in 25% to 30% of CBF-AML and are rare in other AML subsets. 200 In most studies, KIT mutations have been associated with inferior outcome. 201 Notably, KIT is not only mutated but also expressed at significantly higher levels in CBF-AML compared with other AML subsets. Currently no data support the use of KIT mutational status to guide therapy, although these patients may benefit from more-aggressive treatment with allogeneic HSCT. Clinical trials are currently underway evaluating KIT inhibitors in CBF-AML.
For use as prognostic markers, FLT3-ITD, KIT, CEBPA, and NPM1 mutations are all given an NCCN category of 2A. As predictive markers, all have an NCCN category of 2B. Multiple large-scale retrospective studies of marker expression and outcome for these mutations gives them a combined level of evidence of IIB.
Other Gene Mutations
In addition to the aforementioned mutations, other genetic mutations have been found in patients with AML. These mutations either do not seem to significantly contribute to risk stratification or have so far been less well studied for their prognostic significance. MLL: Partial tandem duplications (PTD) of MLL are found in 5% to 11% of patients with CN-AML and frequently in AML with trisomy 11. MLL-PTD have been associated with inferior complete remission duration and relapse-free survival, although more recent studies show no prognostic impact in patients with CN-AML intensively treated with autologous HSCT or 4 cycles of chemotherapy consolidations.
202
RUNX1: RUNX1 is deregulated in AML by chromosomal translocations and by mutations clustering in the Runt domain of the gene. RUNX1 mutations have been associated with undifferentiated (M0) morphology, and with specific chromosome aberrations, such as trisomy 21 and trisomy 13. In recent studies, RUNX1 mutations were found in approximately 13% of patients with AML and associated with worse outcome.
203
WT1: WT1 mutations are found in 10% to 13% of patients with CN-AML. In most studies, WT1 mutations have been associated with inferior outcome. [204] [205] [206] IDH1/IDH2: Mutations of IDH1 and IDH2 were first reported in gliomas, and only more recently in AML. 187 The aggregate frequency of IDH1 and IDH2 mutations in AML is relatively high, with approximately 15% to 20% of all patients with AML and 25% to 30% of patients with CN-AML harboring either IDH1 or IDH2 mutations. 207, 208 Initial studies from larger and homogeneous cohorts of patients indicate that IDH1 mutations are significantly associated with NPM1 mutations and predict worse outcome for patients with mutated NPM1 without 
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FLT3-ITD. The distinct R172 IDH2 mutation is rarely associated with any of the other known prognostic mutations, and seems to confer lower probability of achieving complete remission and possibly also inferior outcome. The prognostic impact of IDH2 mutation in codon 140 remains instead controversial.
Testing for mutations in these genes is not included in the NCCN Guidelines for AML (available at www.NCCN.org). However, results of large-scale retrospective analyses in samples from clinical trials gives each of them a combined level of evidence score of IIB. Clinical utility remains to be determined. NRAS, TP53, TET2, DNMT3A, and ASXL1: NRAS, TP53, TET2, DNMT3A, and ASXL1 mutations have also been found in patients with AML, but their clinical impact as prognosticators or predictors of response to distinct treatment approaches remains to be fully defined. [209] [210] [211] [212] [213] [214] These mutations, which have correspondingly fewer data indicating their prognostic or predictive role, are all assigned a combined level of evidence of IIIC for clinical validity.
A continuing challenge in validating biomarkers in AML, as each new marker further divides patients into smaller phenotypic groups, will be to find sufficient numbers of patients to establish the clinical utility of each marker and to discover the impact that each may have on treatment or prognosis.
Conclusions
Cancer care is becoming increasingly dependent on tumor markers to diagnose, anticipate prognosis, and select optimal therapy for patients. Although knowledge of the specific tumor markers that have the greatest value in care will evolve over time, it is important to develop a common language with respect to the specific purpose of each tumor marker, the steps in developing a tumor marker, and the different levels of evidence supporting the specific use of a tumor marker. The task force was established to review each of these processes and to identify the tumor markers that are most pertinent today.
This report presents tumor markers for 6 cancer types and highlights some of the challenges faced by oncologists in determining which tests will provide the most useful information to direct patient care. First, although significant efforts have been made to standardize the development and reporting of diagnostic, prognostic, and predictive tumor markers, best practices have not been broadly adopted and the literature supporting the use of tumor markers is often incomplete or reported in a manner that hampers comparisons across studies. Second, the actual developmental process for tumor markers and the regulatory oversight of that process is relatively immature compared with drug development and, as a result, confusion often occurs regarding the steps required to incorporate tumor markers into care. Third, several technical methods are often available to measure a specific molecular marker, usually with concordance between assays but each with distinct analytic performance characteristics and few opportunities for rigorous head-to-head comparison. Fourth, great interest has been shown among all stakeholders in cancer care, including clinical and basic investigators, providers, and patients, to rapidly incorporate emerging biologic insights into clinical care that drives a desire for early adoption, often before rigorous assessment of the analytic validity, clinical validity, and clinical utility of a tumor marker.
With these challenges in mind, this report focuses on presenting the different uses for tumor markers, an overview of the different steps of tumor marker development, and an adapted, simplified categorization of level of evidence. After reviewing the work previously reported on tumor markers, the task force believes that identifying the pertinent references and efforts previously focused on biomarker standardization and classification of levels of evidence for biomarkers is an important first step. Admittedly, challenges remain with respect to the development of a simple yet comprehensive classification system for levels of evidence. The current systems focus only on the supportive data and not on panel consensus, as in the NCCN Guidelines. With time, the classification of level of evidence for tumor markers and the common accepted criteria will likely be increasingly refined.
Looking forward, the task force believes that the community interested in developing tumor markers should consider and adopt the following recommendations:
• Assure a test is analytically valid before performing rigorous testing for clinical validity.
• If the test is a qualitative one, such as immunohistochemistry, determine the degree to which the test has been rigorously quality controlled. (Tables 1-3) to determine clinical utility for tests under consideration.
• Include a discussion of needed studies or evidence for tests under consideration if gaps are perceived in the literature.
The use of tumor markers will continue to transform cancer care. Only through adopting a common language and standards of validation will timely and definitive studies on emerging markers be effectively communicated, thereby ensuring that clinicians take full advantage of the current genomic era.
